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Thermo-electric properties of quantum point contacts
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The conductance, the thermal conductance, the thermopower and the Peltier coefficient of a
quantum point contact all exhibit quantum size effects. We review and extend the theory of these
effects. In addition, we review our experimental work on the quantum oscillations in the thermo-
power, observed using a current heating technique. New data are presented showing evidence for
quantum steps in the thermal conductance, and (less unequivocally) for quantum oscillations in
the Peltier coefficient. For these new experiments we have used a quantum point contact as a
miniature thermometer.
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I. INTRODUCTION
A quantum point contact is a short constriction of
variable width, comparable to the Fermi wavelength,
defined using a split-gate technique in a high-mobility
two-dimensional electron gas (2DEG). Quantum point
contacts1,2 are best known for their quantized conduc-
tance at integer multiples of 2e2/h. For a general review
of quantum transport in semiconductor nanostructures
see Ref.3. The thermo-electric properties of quantum
point contacts have recently begun to be explored as well.
The Landauer-Bu¨ttiker formalism,4,5 which treats elec-
trical transport as a transmission problem between reser-
voirs, has been generalized to thermal transport and to
thermo-electric cross-effects by Sivan and Imry6 and by
Butcher.7 Streda8 has considered the specific problem of
the thermopower S of a quantum point contact. He found
that S vanishes whenever the conductance of the point
contact is quantized, and that it exhibits peaks between
quantized conductance plateaux. The magnitude of the
peaks depends on the energy dependence of the trans-
mission probability t(E) through the point contact. To
the extent that a quantum point contact behaves like an
ideal electron waveguide, t(E) has a unit step-function
energy dependence. A somewhat more realistic model of
a quantum point contact — introduced by Bu¨ttiker9 —
is to assume that the electrostatic potential has a saddle
shape. This particular model has also been used to cal-
culate the thermopower.10 The same theoretical frame-
work can be used to evaluate the thermal conductance
κ and the Peltier coefficient Π, which exhibit quantum
size effects similar to those in the conductance and the
thermopower, respectively. We review the theory in sec-
tion II. For a discussion of thermo-electric effects in dif-
ferent transport regimes, we refer to a recent article by
Ben-Jacob et al.11
We have used a current heating technique∗ to observe
the characteristic quantum size effects in the thermo-
electric properties of a quantum point contact. Our
previous work13,14 on the quantum oscillations in the
thermopower S is reviewed in subsection III.A. Because
of the sizable thermopower, a quantum point contact can
be used as a miniature ‘thermometer’, to probe the lo-
cal temperature of the electron gas. We have exploited
this in our design of novel devices with multiple quan-
tum point contacts, with which we demonstrate quan-
tum steps in the thermal conductance κ as well as quan-
tum oscillations in the Peltier coefficient of a quantum
point contact. The first results of these experiments are
presented in subsections III.B and III.C. Concluding re-
marks are given in section IV.
II. THEORETICAL BACKGROUND
A. Landauer-Bu¨ttiker formalism of thermo-electricity
The Landauer-Bu¨ttiker formalism4,5 relates the trans-
port properties of a conductor to the transmission prob-
abilities between reservoirs that are in local equilibrium.
Let us assume that only two such reservoirs are present.
In equilibrium, the reservoirs are at chemical potential
∗ Current heating has also been used by Gallagher et al.12 to study
fluctuations in the thermopower in the phase coherent diffusive
transport regime.
2EF and temperature T . In the regime of linear response,
the current I and heat flow Q are related to the chemical
potential difference ∆µ and the temperature difference
∆T by the constitutive equations15
(
I
Q
)
=
(
G L
M K
)(
∆µ/e
∆T
)
. (2.1)
The thermo-electric coefficients L and M are related by
an Onsager relation, which in the absence of a magnetic
field is
M = −LT. (2.2)
Equation (2.1) is often re-expressed with the current I
rather than the electrochemical potential ∆µ as an inde-
pendent variable,15
(
∆µ/e
Q
)
=
(
R S
Π −κ
)(
I
∆T
)
. (2.3)
The resistance R is the reciprocal of the isothermal con-
ductance G. The thermopower S is defined as
S ≡
(
∆µ/e
∆T
)
I=0
= −L/G. (2.4)
The Peltier coefficient Π, defined as
Π ≡
(
Q
I
)
∆T=0
=M/G = ST, (2.5)
is proportional to the thermopower S in view of the On-
sager relation (2.2). Finally, the thermal conductance κ
is defined as
κ ≡ −
(
Q
∆T
)
I=0
= −K
(
1 +
S2GT
K
)
. (2.6)
The thermo-electric coefficients are given in the
Landauer-Bu¨ttiker formalism by6,7
G = −
2e2
h
∫
∞
0
dE
∂f
∂E
t(E), (2.7)
L = −
2e2
h
kB
e
∫
∞
0
dE
∂f
∂E
t(E)(E − EF)/kBT, (2.8)
K
T
=
2e2
h
(
kB
e
)2 ∫ ∞
0
dE
∂f
∂E
t(E)[(E − EF)/kBT ]
2.
(2.9)
These integrals are convolutions of t(E), which charac-
terizes the conductor, and a kernel of the form ǫmdf/dǫ,
m = 0, 1, 2, with ǫ ≡ (E − EF)/kBT , and f the Fermi
function
f(ǫ) = [exp(ǫ) + 1]−1. (2.10)
Plots of these kernels are given in figure 1.
Both df/dǫ and ǫ2df/dǫ are symmetric functions of
ǫ, which is why the conductance, G, and the thermal
FIG. 1 From top to bottom: Fermi-Dirac distribution func-
tion f , and ǫmdf/dǫ, for m = 0, 1, 2, as a function of
ǫ ≡ (E − EF)/kBT . These functions appear in expressions
(2.7,2.8,2.9) for the thermo-electric coefficients.
conductances K and κ are determined to first order by
t(EF). (The term within brackets in equation (2.6) is
usually small.) In contrast, ǫdf/dǫ is an anti-symmetric
function of ǫ, so that the thermo-electric cross-coefficients
L, S, M , and Π are determined mainly by the derivative
dt(E)/dE at E = EF. This is substantiated by a Som-
merfeld expansion of the integrals (2.7,2.8,2.9), valid for
a smooth function t(E) to lowest order in kBT/EF,
7
G ≈
2e2
h
t(EF), (2.11)
L ≈
2e2
h
L0eT
(
dt(E)
dE
)
E=EF
, (2.12)
K ≈ −
2e2
h
L0T t(EF), (2.13)
with L0 ≡ (kB/e)
2π2/3 the Lorentz number. In this
approximation K = −L0TG, so that for S
2 ≪ L0 one
finds from (2.6) the Wiedemann-Franz relation
κ ≈ L0TG. (2.14)
As discussed below, the thermo-electric coefficients of a
quantum point contact may exhibit significant deviations
from equations (2.11)–(2.14). The inadequacy of the
Sommerfeld expansion is a consequence of the strong en-
ergy dependence of t(E) near EF. In addition, S
2 ≪ L0
does not hold for a quantum point contact close to pinch-
off.
3B. Quantum point contacts as ideal electron waveguides
In this subsection we discuss the thermo-electric prop-
erties of a quantum point contact modelled as an ideal
electron waveguide, matched perfectly to the reservoirs
at entrance and exit. Such a waveguide has a transmis-
sion probability with step-function energy dependence
t(E) =
∞∑
n=1
θ(E − En). (2.15)
The steps in t(E) coincide with the threshold energies En
of the one-dimensional subbands or modes in the quan-
tum point contact.The integrals over the energy (2.7) and
(2.8) determining the conductance and the thermopower
power can be evaluated analytically. By substitution of
(2.15) into (2.7), one finds for the conductance
G =
2e2
h
∞∑
n=1
f(ǫn) (2.16)
with ǫn ≡ (En − EF)/kBT . This reduces to G =
(2e2/h)N at low temperatures (N is the number of oc-
cupied subbands). Similarly, using the identity
∫
∞
0
f dE = kBT ln[1 + exp(EF/kBT )] (2.17)
we find the exact result
L =
2e2
h
kB
e
∞∑
n=1
[ln(1 + e−ǫn) + ǫn(1 + e
ǫn)−1]. (2.18)
The thermopower S = −L/G and the Peltier coefficient
Π = TS follow immediately from (2.16) and (2.18). At
low temperatures the thermopower vanishes, unless the
Fermi energy is within kBT from a subband bottom. In
the limit T = 0 one finds from (2.16), (2.18) that the
maxima are given by
S = −
kB
e
ln 2
N − 1
2
, if EF = EN ; N > 1. (2.19)
[Note that at EF = EN one also hasG = (2e
2/h)(N− 1
2
).]
Equation (2.19) was first obtained by Streda.8 For the
step-function model the width of the peaks in the thermo-
power as a function of EF is of order kBT , at least in the
linear transport regime of small applied temperature dif-
ferences across the point contact (∆T ≪ T ).
The thermopower of a quantum point contact with a
step-function t(E) does not exhibit a peak near EF =
E1. Instead, it follows from (2.16) and (2.18) that −S
increases monotonically as EF is reduced below E1,
S ≈ −
kB
e
(1 + ǫ1). (2.20)
Note also that for ǫ1 ≫ 1, S increases as 1/T as the
temperature is reduced. This result is probably not very
FIG. 2 Calculated conductance G (full curve), thermal con-
ductance κ/L0T (broken curve), and the thermopower S and
Peltier coefficient Π/T = S (same dotted curve) for a quan-
tum point contact with step function t(E) as a function of
Fermi energy at (a) 1 K and (b) 4 K. The parameter used in
the calculation is h¯ωy = 2meV.
realistic. Indeed, for a saddle-shaped potential model of
a quantum point contact we find instead in this regime
constant value which is proportional to T (see subsection
II.C).
Plots of the thermo-electric coefficients as a function
of Fermi energy, calculated from (2.7–2.9) and (2.15), are
given in figures 2(a) and 2(b), for T = 1K and T = 4K
respectively. The values for En are those for a parabolic
lateral confinement potential V (y) = V0 +
1
2
mω2yy
2 with
h¯ωy = 2.0meV. We draw the following conclusions from
these calculations.
1. The temperature T affects primarily the width of
the steps in G, and of the peaks in S, leaving the
value of G on the plateaux, and the height of the
peaks in S essentially unaffected.
42. The thermal conductance κ (divided by L0T ) ex-
hibits secondary plateaux near the steps in G, in
violation of the Wiedemann-Franz law. At 4 K the
secondary plateaux in κ are even more pronounced
than those in phase with the plateaux in the con-
ductance. These plateaux, which apparently have
not been noted previously, are due to the bimodal
shape of the kernel ǫ2df/dǫ (see figure 1).
3. The coefficients κ and K differ from each other
whenever the thermopower S does not vanish [cf.
(2.6)]. We have verified that this correction is usu-
ally negligible, except in the vicinity of the first step
in G.
C. Saddle-shaped potential
A more realistic model of a quantum point contact
should account for the rounding of the steps in t(E).
One way to do this is to model the electrostatic potential
V (x, y) in the quantum point contact by a saddle-shaped
function9
V (x, y) = V0 −
1
2
mω2xx
2 +
1
2
mω2yy
2 (2.21)
where V0 is the height of the saddle, ωx characterizes the
curvature of the potential barrier in the constriction, and
ωy the lateral confinement. The energies En are given by
En = V0 + (n−
1
2
)h¯ωy. (2.22)
The transmission probability is16
t(E) =
∞∑
n=1
[
1 + exp
(
−2π(E − En)
h¯ωx
)]
−1
(2.23)
Note that the step-function t(E) is recovered in the limit
ωx/ωy → 0.
To allow a comparison with the results in figure 2 for
the step-function transmission probability, we have cal-
culated the thermo-electric coefficients as a function of
Fermi energy from (2.7–2.9) and (2.23), using the same
value of 2meV for the subband separation h¯ωy, and tak-
ing h¯ωx ≈ 0.8meV in order to reproduce the typically
observed conductance step-widths at low temperatures.
The results at T = 4K (not shown) were found to be
identical to those given in figure 2(b) for the step-function
t(E). At T = 1K there are some differences, however, as
seen in figure 3:
1. The peak heights of the oscillations in the thermo-
power S (or in the Peltier coefficient Π) are reduced
by about a factor of two.
2. The deviations from the Wiedemann-Franz law
κ = L0TG are much smaller. In particular, the
secondary plateau-like features (coinciding with the
steps in G) are absent.
FIG. 3 Calculated conductance G (full curve), thermal con-
ductance κ/L0T (broken curve), and the thermopower S and
Peltier coefficient Π/T = T (same dotted curve) for a quan-
tum point contact with a saddle shaped potential, as a func-
tion of Fermi energy at 1 K. Parameters used in the calcula-
tion are h¯ωy = 2meV, h¯ωx = 0.8meV.
The behaviour of S for EF ≪ E1 at low temper-
atures is qualitatively different from that discussed in
subsection II.B for a step-function t(E). Approximating
t(E) ≈ [1+exp(2π(E1−E)/h¯ωx)]
−1, and using the Som-
merfeld expansion results (2.11) and (2.12), we find that
S reaches an EF-independent value (not visible in figure
3)
S ≈ −
kB
e
2π3
3
kBT
h¯ωx
, EF ≪ E1 (2.24)
which is proportional to T .
III. EXPERIMENTS
A. Thermopower
We have previously reported13,14 the observation of
quantum oscillations in the thermopower S of a quan-
tum point contact using a current heating technique. We
review the main results here. The experimental arrange-
ment is shown schematically in figure 4(a). By means of
negatively biased split gates, a channel is defined in the
2DEG in a GaAs–AlGaAs heterostructure. A quantum
point contact is incorporated in each channel boundary.
The point contacts 1 and 2 face each other, so that the
voltage difference V1−V2 (measured using ohmic contacts
attached to the 2DEG regions behind the point contacts)
does not contain a contribution from the voltage drop
along the channel.
On passing a current I through the channel, the aver-
age kinetic energy of the electrons increases, because of
5FIG. 4 (a) Schematic representation of the device used to
demonstrate quantum oscillations in the thermopower of a
quantum point contact by means of a current heating tech-
nique. The channel has a width of 4 µm, and the two opposite
quantum point contacts at its boundaries are adjusted differ-
ently. (b) Measured conductance and voltage −(V1 − V2) as
a function of the gate voltage defining point contact 1, at a
lattice temperature of 1.65 K and a current of 5 µA. The
gates defining point contact 2 were kept at −2.0 V.
the dissipated power (equal to (I/Wch)
2ρ per unit area,
for a channel of width Wch and resistivity ρ). We ignore
the net drift velocity acquired by the electron gas, and
assume that we can describe the non-equilibrium energy
distribution in the channel by a heated Fermi function
at temperature T + ∆T . Since the point contacts are
operated as voltage probes, drawing no net current, the
temperature difference ∆T gives rise to a net thermovolt-
age
V1 − V2 = (S1 − S2)∆T. (3.1)
As dictated by the symmetry of the channel (see figure
4(a)), this voltage difference vanishes unless the point
contacts are adjusted differently, so that they have un-
equal thermopowers S1 6= S2.
A typical experimental result13 is shown in figure 4(b).
The gate voltage defining point contact 1 is scanned,
while that of point contact 2 is kept constant. In this
way, any change in the voltage difference V1 − V2 is due
to variations in S1. (S2 is not entirely negligible, which
is why the trace for −(V1−V2) drops below zero in figure
4(b).) Also shown is the conductance G of point contact
1, obtained from a separate measurement. For more neg-
ative gate voltages, where the point contact resistance
exhibits quantized plateaux, we observe strong oscilla-
tions in V1−V2. The peaks occur at gate voltages where
G changes stepwise because of a change in the number of
occupied 1D subbands in point contact 1. These obser-
vations are a manifestation of the quantum oscillations
in S described in section II.
A detailed comparison of the oscillations in figure 4(b)
with the ideal electron waveguide model (extended to
the regime of finite thermovoltages and temperature dif-
ferences) has been presented elsewhere.13 The decrease
in amplitude of consecutive peaks is in agreement with
equation (2.19). We therefore only discuss the amplitude
of the strong peak near G = 1.5(2e2/h). The stepfunc-
tion transmission probability result (2.19) predicts S ∼
−40µVK−1 for this peak, but a value S ∼ −20µVK−1
is probably more realistic (cf. figure 3). The measured
value of about 50 µV for the amplitude of that peak
thus indicates that the temperature of the electron gas
in the channel is ∆T ∼ 2K above the lattice temperature
T = 1.65 K.
The increase in temperature ∆T is expected to be re-
lated to the current in the channel by the heat balance
equation
cv∆T = (I/Wch)
2ρτǫ (3.2)
with cv = (π
2/3)(kBT/EF)nskB the heat capacity per
unit area, ns the electron density, and τǫ an energy re-
laxation time associated with energy transfer from the
electron gas to the lattice. The symmetry of the geome-
try implies that V1−V2 should be even in the current, and
equation (3.2) predicts more specifically that the thermo-
voltage difference V1 − V2 ∝ ∆T should be proportional
to I2 — at least for small current densities. This is borne
out by experiment13,14 (not shown). Equation (3.2) al-
lows us to determine the time τǫ from the experimental
value ∆T ∼ 2 K. Under the experimental conditions of
figure 4(b) we have T = 1.65K, I = 5µA, Wch = 4µm,
ρ = 20Ω. We thus find τǫ ∼ 10
−10 s, which is not an
unreasonable value for the 2DEG in GaAs–AlGaAs het-
erostructures at helium temperatures.17
The sudden decrease in V1 − V2 beyond the last peak
(strong negative gate voltages) is not quite understood.
As discussed in section II, the behaviour of S in this
regime depends crucially on the details of the energy de-
pendence of t(E).
6B. Thermal conductance
The sizable thermopower of a quantum point contact
(up to −40µVK−1) suggests its possible use as a minia-
ture thermometer, suitable for local measurements of the
electron gas temperature. We have used this idea in an
experiment designed to demonstrate the quantum steps
in the thermal conductance of a second quantum point
contact.
The geometry of the device is shown schematically in
figure 5(a).The main channel has a boundary contain-
ing a quantum point contact. Using current heating, the
electron gas temperature in the channel is increased by
∆T , giving rise to a heat flow Q through the point con-
tact. This causes a steady state temperature rise δT of
the 2DEG region behind the point contact (neglected in
the previous subsection), which we detect by a measure-
ment of the thermovoltage across a second point contact
situated in that region.
To increase the sensitivity of our experiment, we have
used a low-frequency AC current to heat the electron gas
in the channel, and a lock-in detector tuned to the second
harmonic to measure the root-mean-square amplitude of
the thermovoltage V1 − V2. The voltages on the gates
defining the second quantum point contact were adjusted
so that its conductance was G = 1.5(2e2/h). Finally,
we applied a very weak magnetic field (15 mT) to avoid
detection of hot electrons on ballistic trajectories from
the first to the second point contact.
Figure 5(b) shows a plot of the measured thermovolt-
age as a function of the voltage on the gates defining
the point contact in the channel boundary, for a channel
current of 0.6 µA (rms value). A sequence of plateaux is
clearly visible, lining up with the quantized conductance
plateaux of the point contact. Since the measured ther-
movoltage is directly proportional to δT , which in turn
is proportional to the heat flow Q through the point con-
tact, this result is a demonstration of the expected quan-
tum plateaux in the thermal conductance κ ≡ −Q/∆T
at zero net current [cf. (2.6)]. We have verified that the
second-harmonic thermovoltage signal at fixed gate volt-
ages is proportional to I2, as expected. Let us now see
whether the magnitude of the effect can be accounted for
as well.
To estimate the temperature increase δT in the region
behind the point contact, we write the heat balance for
that region of area A (valid if δT ≪ ∆T )
κ∆T = cvAδT/τǫ. (3.3)
We assume that A equals the square of the diffusion
length (Dτǫ)
1/2 ∼ 10µm, so that τǫ drops out of (3.3).
On inserting the Wiedemann-Franz approximation κ ≈
L0TG, with G = N(2e
2/h), and using the expression
for the heat capacity per unit area given in the previous
subsection (with ns = EFm/πh
2), we find
δT
∆T
≈ N
h¯
mD
. (3.4)
FIG. 5 (a) Schematic representation of the device used to
demonstrate quantum steps in the thermal conductance of
a quantum point contact, using another point contact asa
miniature thermometer.The main channel is 0.4µm wide. (b)
Measured conductance and rms of the second harmonic com-
ponent of the contact voltage V1 − V2 as a function of the
gate voltage defining the point contact in the main channel
boundary, at a lattice temperature of 1.4 K and an alternating
current of rms amplitude 0.6µA. The gates defining the other
point contact were kept at −1.4V, so that its conductance is
G = 1.5(2e2/h).
In the experiment D = 1.4m2s−1, so that at the N = 1
plateau in the conductance, we have δT/∆T ≈ 1.2×10−3.
The experimental curve in figure 5(b) was obtained at
a current density in the main channel of I/Wch =
1.2Am−1, nearly equal to that used in the thermopower
experiment shown in figure 4(b). The analysis of the
latter data indicated that ∆T ≈ 2K at this current
density. Consequently, δT ≈ 2mK. The point contact
used as a thermometer (adjusted to G = 1.5(2e2/h)) has
S ≈ −20µVK−1 (see subsection II.C), so that we finally
obtain V1−V2 ≈ −0.05µV. The measured value is larger
(cf. the first plateau in figure 5(b)), but only by a fac-
tor of two. All approximations considered, this is quite
7satisfactory.
C. Peltier effect
In this subsection we present preliminary results of an
experiment designed to observe the quantum oscillations
in the Peltier coefficient Π of a quantum point contact.
The geometry of the experiment is shown schematically
in figure 6(a). A main channel, defined by split gates,
is separated in two parts by a barrier containing a point
contact. A positive current I passed through this point
is accompanied by a negative Peltier heat flux Q = ΠI,
giving rise to a (steady state) temperature rise δT in the
upper part of the channel, and to a temperature drop
δT in the lower half. These temperature changes of the
electron gas can be detected by measuring the thermo-
voltages across additional point contacts in the channel
boundaries — least in principle.
One complication is that a total power I2/G is dissi-
pated due to the finite conductance G of the quantum
point contact in the channel. This gives rise to a temper-
ature rise on both sides of the point contact. The dissi-
pated power is not equally distributed among the 2DEG
regions on either side, and it is precisely this imbalance
which corresponds to the Peltier heat flow ΠI. We wish
to detect only the temperature changes ±δT associated
with the Peltier heat flow. This is accomplished by using
an AC current, and a lock-in detector tuned to the fun-
damental frequency to measure the components linear in
I of the thermovoltages (V1 − V2) and (V3 − V4). The
output voltage of the lock-in detector is divided by the
current, to obtain a signal linearly proportional to the
Peltier coefficient Π of the point contact in the channel.
This signal, measured as a function of the voltage on the
gates defining that point contact, should exhibit quantum
oscillations, similar to those seen in the thermopower S.
Unfortunately, our present sample design does not al-
low us to do this without also affecting the thermopower
of the point contacts used as thermometers. In order
to minimize this parasitic effect, we have scanned only
one of the gates (labelled B in figure 6(a)), and have left
the adjacent gates (A and C), which define the reference
point contacts, unconnected. The effect of gate A on
the remaining two thermometer point contacts is negligi-
ble. A result obtained in this way (at I ∼ 0.1µA and at
T = 1.6K) is plotted in figure 6(b), together with a trace
of conductance versus gate voltage for the point contact
in the channel.
Oscillations in −(V1 − V2)/I are clearly visible, of am-
plitude up to ≈ 4V A and with maxima aligned with the
steps between conductance plateaux. We interpret this
signal as evidence for the oscillations in the Peltier coef-
ficient Π (see below). However, the oscillations appear to
be superimposed on a much larger negative background
signal. This signal (which we verified to be ohmic) is
attributed to a series resistance associated with the fact
that gates A and C had to be left unconnected, as men-
FIG. 6 (a) Schematic representation of the device used to
demonstrate quantum oscillations in the Peltier coefficient of
a quantum point contact. Arrows indicate direction of posi-
tive flow. The main channel is 4µm wide, and the distance
between the pairs of point contacts in its boundaries is 20µm.
(b) Measured conductance and thermovoltage −(V1 − V2) di-
vided by the current I as a function of the voltage on gate B,
defining the point contact in the channel. The 1attice temper-
ature is 1.6 K and the current is about 0.1 µA nearG = 2e2/h.
Gates defining point contacts 1 and 3 were adiusted so that
their conductance was G = 1.5(2e2/h). Gates A and C were
unconnected.
tioned above. The sum of the contact resistance at the
channel exit (estimated at (h/2e2)(π/2kFWch) ≈ 30Ω)
and the spreading resistance associated with current flow-
ing to the wide 2DEG regions of width Wwide ≈ 500µm
(estimated at π−1ρ ln(Wwide/Wch) ≈ 30Ω) is about 60Ω,
which is of about the correct magnitude to be able to ac-
count for the background in figure 6(b). A new set of
samples, designed to avoid this background signal, are
currently being fabricated. (Note added in proof. Us-
ing these samples we have indeed been able to observe
the quantum oscillation in Π without such a background
signal.19)
8Let us now discuss the amplitude of the oscillations
in figure 6(b). To estimate δT , we use again the heat
balance equation, and find
δT ≈
ΠI
cvD
. (3.5)
Using the Onsager relation Π = ST , the estimated
value S ≈ −20µVK−1 for a quantum point contact
adjusted to G = 1.5(2e2/h), and T = 1.65K, we de-
duce δT/I ≈ 104KA−1. The resulting thermovoltage
across one of the thermometer point contacts (adjusted
to G = 1.5(2e2/h) as well), normalized by I, is about
0.3 VA−1. This is ten times smaller than the experimen-
tally observed amplitude of the corresponding oscillation
in figure 6(b). The origin of this discrepancy is not un-
derstood.
IV. CONCLUSIONS
In conclusion, we have reviewed the theory of the
thermo-electric effects in a quantum point contact, and
our experiments on the quantum oscillations in the
thermopower. New data have been presented that —
for the first time — show evidence for the quantum steps
in the thermal conductance, and the quantum oscilla-
tions in the Peltier coefficient. Our new experiments
exploit additional quantum point contacts as miniature
thermometers. We have used this technique as well in an
experimental study of the effect of electron-electron scat-
tering on the ballistic mean free path.18 The results for
the thermo-electric transport coefficients presented here
compare reasonably well with the theoretical predictions.
Further experiments as well as a more reliable quantita-
tive analysis would be desirable.
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